
N/ SA

NASA CR-185238

HOLLOW CATHODE OPERATION AT HIGH DISCHARGE CURRENTS

Prepared for

LEWIS RESEARCH CENTER

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

Grant NGR-06-002-112

by

Verlin Joe Friedly

April 1990

Approved by

Paul J. Wilbur

Department of Mechanical Engineering

Colorado State University

Fort Collins, Colorado 80523

(NASA-CR-185Z3_) HOLLOW CATHODE OPERATTON
AT HiGH O[SCHARG£ CURR£NTS M.S. [hesis

(Colorado State Univ.) 92 p CSCL 09_

G3133

Ngo-zI9_3

Uncles

0_79013





1. Report No.

NASA CR-185238

4. Titleand SubtitJe

Report Documentation Page

2. Government Accession No. 3. Recipient's Catalog No.

5. Report Date

April 1990
HOLLOW CATHODE OPERATION AT HIGH DISCHARGE CURRENTS

7. Author(s)

Verlin Joe Friedly

9. Performing Organization Name and Addre_

Department of Mechanical Engineering

Colorado State University

Fort Collins, CO 80523

;12. Sponsoring Agency Name and Address

National Aeronautics and Space Administration

Washington, D.C. 20546

6. Performing Organization Code

8. Performing Organization Report No.

10. Work Unit No.

11. Contract oc Grant No.

NGR-06-002-112

13. Type of Report and Period Covered

14. Sponsoring Agency Code

15. Supplementa_ Notes

Grant Monitor - Vincent K. Rawlin, NASA Lewis Research Center, Cleveland, OH 44135

This report is a reproduction of the M.S. Thesis of Verlin Friedly. It is

submitted to the sponsor and the distribution list in this form both as a

presentation of the technical material and as an indication of the academic

program supported by the grant.

16, Abstract

It has been shown that ion thruster hollow cathode operation at

high discharge current levels can induce reduced thruster lifetimes by

causing cathode insert overheating and/or erosion of surfaces located
downstream of the cathode. The erosion problem has been particularly

baffling because the mechanism by which it occurs has not been

understood. The experimental investigation described herein reveals

the energies of ions produced close to the cathode orifice can be
several times the anode-to-cathode potential difference generally

considered available to accelerate them. These energies (of order

50 eV) are sufficient to cause the observed erosion rates. The

effects of discharge current (to 60 A), magnetic field configuration

and the cathode flowrate, orifice diameter and insert design on the

energies and current densities of these jet ions are examined. A

model describing the mechanism by which the high energy ions could be

produced when the anode-to-cathode potential difference is

insufficient is proposed. The effects of discharge current on cathode

temperature and internal pressure are also examined experimentally and

described phenomenologically.
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I, INTRODUCTION

Hollow cathodes serve as electron sources in a variety of

applications. In an ion thruster, for example, one is typically used

to supply the electrons that bombard propellant atoms and produce ions

and another supplies the electrons that neutralize the charge and

current associated with the extraction of these ions into a thrust-

inducing beam [I]. Since hollow cathodes actually produce both ions

and electrons, they have also been used as simple plasma sources. For

example, they have been proposed as plasma sources suitable to

establish electrical contact between an object in space and the

ambient space plasma, thereby preventing undesirable spacecraft

charging events [2]. The work described in this thesis is directed at

understanding phenomena that have been observed by researchers using

hollow cathodes as the electron sources that supply ionizing electrons

within ion thrusters, but the results observed and conclusions reached

are considered to be applicable to hollow cathodes in general.

This work will focus on oriflced hollow cathodes [3] having the

basic features shown in the schematic diagram of Figure I. As the

figure suggests, the cathode consists of a refractory metal tube and

an orifice plate electron-beam welded together. The low work function

insert shown within this assembly serves as the surface from which

electrons are emitted--its low work function character facilitates

substantial emission at reasonably low insert surface temperatures.

The resistive heater shown is used to heat the insert via the cathode

tube to the point where it can begin to emit electrons thermionically.
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The keeper and anode shown downstream of the cathode are actually both

anodes. The keeper is typically biased at a high positive potential

(of order I00 V) to facilitate an initial, significant current flow to

the keeper and the generation of a plasma within and downstream of the

cathode (initiation of the cathode discharge). After the cathode

discharge is initiated, the keeper voltage drops and is then adjusted

to establish a modest keeper current (typically < i A). This current

helps to sustain a plasma discharge under conditions where plasma-

induced voltage fluctuations might otherwise cause it to extinguish.

The electrode designated the "anode" in Fig. i collects the "discharge

current" (JD) which is substantially greater than the keeper current

(JK). The keeper and anode (or discharge) voltages (VK and V D) are

both measured relative to cathode potential.

Hollow cathode discharges are initiated by flowing a neutral gas

(propellant) through a heated cathode while applying a high keeper

voltage. Electrons are emitted thermionically from the insert during

the early phases of discharge initiation, and these electrons are

typically accelerated to kinetic energies that are sufficient to

induce propellant ionization and hence the generation of a high

density plasma within the cathode tube. Once this plasma forms, its

potential becomes quite uniform at values of order i0 V positive of

the cathode except at sheaths that form at the plasma/cathode and

plasma/insert boundaries. Strong electric fields exist in these

sheaths and the ones at the plasma/insert interface facilitate field-

enhancement of the thermionic electron emission process [4]. Under

this condition, electrons emitted from the insert gain the energy they

need to continue to ionize propellant gas as they pass through the

sheath located there. Both the emitted and ionlzation-produced
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electrons will, in the potential environment of the cathode plasma,

find it difficult to reach a cathode potential surface. They will,

therefore, tend to flow through the cathode orifice possibly inducing

additional ionization downstreamof it, but eventually being collected

at the keeper or anode shown in Fig. I.

The ions that are created inside the hollow cathode will, on the

other hand, tend to flow toward the cathode and insert surfaces

because these surfaces are at a potential below that of the plasma.

The ions will collide with these surfaces and give up their kinetic

and ionization energies to them. The ion heating power associated

with this process will typically be sufficiently large so the

resistive heater power can be reduced (possibly to zero) and field-

enhanced thermlonlc electron emission will continue to occur.

Early ion thruster applications of hollow cathodes [5] involved

electron emission currents of order i0 A or less. Cathodes operating

at these current levels were studied by Siegfried [4,6] and models

describing their operation were proposed and verified experimentally.

Since his work was completed, discharge chamber powers and electron

emission current requirements have grown as efforts to extract greater

beam currents and produce greater thrust levels from single thrusters

have been pursued [7]. Future applications that involve still greater

discharge powers and electron emission current levels are being

considered [8]. Preliminary tests conducted at these higher current

levels have suggested that phenomena not observed in previous cathode

tests become important as discharge current is increased [9]. The

objective of the research described in this thesis has been to

investigate hollow cathode operation at discharge currents extending

to -60 A and to identify phenomena that become increasingly important



as discharge current is increased. These phenomenahave been examined

within the context of the model proposed by Siegfried [4] in an effort

to evolve a comprehensive theory of hollow cathode operation.

The low discharge current cathode tests conducted by Siegfried

focused primarily on phenomenathat occur upstream of the cathode

orifice plate. Initially, it was hoped this study could involve

phenomenaoccurring both upstream and downstream of the orifice plate.

It was found, however, that the plasma environment upstream of the

orifice plate was so hostile at high discharge currents that probes

placed in it failed before useful data could be collected.

Consequently, the research was focused on phenomenaoccurring

downstream of the orifice, particularly those that could limit the

lifetimes of various thruster components including that of the cathode

itself.

Long thruster component lifetimes (on the order of i0,000 hr) are

required to accomplish typical space propulsion missions because ion

thrusters tend to operate at low thrust levels. Over such time

intervals, even components in thrusters that operate at low discharge

currents have shownsubstantial erosion. For example, severe erosion

of the cathode and cathode potential components located downstream of

it were observed during -i0,000 hr life tests of the J-serles 30 cm

and 5 cm dia mercury ion thrusters [10-12]. This erosion in turn

resulted in both performance changes and the formation of metallic

flakes that could under someconditions becomedetached and cause

electrical shorts.

More recently, Rawlin [9] increased the discharge current of the

J-series thruster from 15 to 35 A and operated it on xenon rather than

mercury; he observed a substantial increase in componenterosion



6

rates. For example, a tantalum baffle located between the keeper and

the anode was observed to erode at rates as high as 0.9 _m/hr. Rawlin

observed a reduction in erosion rates as the cathode orifice diameter

was increased [9] and these tests as well as ones conducted at even

higher currents by Brophy and Garner [13] indicated it was probably

the increase in discharge current rather than the propellant change

that caused the increased erosion rates. A mechanismby which this

erosion could be occurring was, however, not apparent. It had been

suggested that such erosion could be caused by doubly charged ions

striking cathode potential surfaces at twice the energy of singly

charged ones [II], but substantial doubly charged ion concentrations

were not expected near these components.

Although eroslon-limlted lifetime phenomenarepresent a major

focus of this thesis, two other effects that can affect cathode

lifetime were also investigated. One concerns the operating

temperature of a hollow cathode. If the insert temperature increases

above -1200 °C [14] the low work function material applied to it

begins to migrate at a rate that can cause it to deplete to the point

where still higher temperatures will be required to induce the desired

emission current. Eventually, this sequence of events can cause an

increase in the plasma potential within the cathode and a degradation

in cathode performance.

The final effect investigated is related to the cathode interior

pressure. If it becomes excessive, the regions of electron emission

and ion-lnduced heating of the insert become too localized. Under

this condition, low work function material migration and subsequent

insert performance degradation can also occur.



In an effort to gain additional understanding of high-current

hollow cathode operation and address the areas of concern identified

in the preceeding paragraphs, tests were conducted on hollow cathodes

of standard design [3]. The operating characteristics of these

cathodes, the erosion rates induced on surfaces located downstream of

them and the nature of the plasma created in this downstream region

were measured. The effects of discharge current (up to 60 A), gas

flowrate and cathode geometrical factors on cathode performance and

downstreamplasma conditions were measuredand interpreted. These

data will be presented and elementary models illustrating the physical

mechanismsbelieved to induce observed phenomenawill be proposed in

this thesis.



II. APPARATUS AND PROCEDURE,

The schematic diagram in Fig. 2 illustrates the test apparatus

used to conduct the experiments described herein. The configuration

shown was selected to model configurations typical of ion thruster

discharge chambers that utilize hollow cathodes, although the tests

were conducted in a 30 cm dia by 45 cm glass vacuum bell jar. Most of

the hollow cathodes used for these tests were constructed using a

6.4 mm outside diameter, tantalum tube with a thoriated tungsten

orifice plate electron beam welded to one end. One cathode was

constructed from the same materials using a 12.8 mm outside diameter

tube. The cathode orifices and orifice plates used, which were all

different, were configured as shown in Table i.

Table i. Hollow Cathode Test Configurations

Minimum Orifice Maximum Cathode

Orifice Bore Outside Tube

Diameter Configuration Diameter Diameter

[do ]

0.74 mm chamfered 6.4 mm 6.4 nun

0.82 chamfered 16.8 6.4

0.99 straight 6.4 6.4

1.27 straight 12.8 12.8

1.70 straight 6.4 6.4

Because each cathode has a different orifice diameter, this diameter

will be used to identify the particular cathode being used in a test.

The chamfered orifices had their minimum diameters upstream and they

were chamfered at an angle of about 45 ° . It should be noted that the
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i0

fin that extended beyond the tube was welded to the second cathode

identified above. This fin provided additional thermal radiation

surface area and served to cool the cathode.

The inserts (low work function electron emitters) used during the

tests, were generally constructed from four tight wraps of 0.03 mm

thick tantalum foll rolled into a 13 mm long cylinder with an inner

diameter of 4.7 mm (for the 6.4 mm dla. cathode tubes) or 10.7 mm (for

the 12.8 mm dia. cathode tube). This cylinder was spot welded to two

0.25 mm thick, 2 mm wide tantalum ribbons. The rolled foil cylinders

were coated with Chemical R-5001 after fabrication so they would have

a low work function. Each insert was placed into its cathode tube,

next to the orifice plate, and the tantalum ribbons were spot-welded

to the tube so good mechanical and electrical connection between the

tube and insert could be assured. In one test series, which will be

clearly identified, a barium aluminate impregnated, sintered tungsten

insert like those used in most ion thruster applications was installed

so performance comparisons could be made between the two types of

inserts.

The hollow, cylindrical copper anode shown in Fig. 2 was 1.7 mm

thick, I00 mm in length and 64 mm in dia. It had a 25 mm wide slot in

one side to facilitate probing and visual observation of the plasma

within it. The anode was water cooled so it would not melt at high

discharge current levels. A tantalum torus, positioned I mm

downstream of the cathode orifice plate with a 1.5 mm minor diameter

IChemlcal R-500 is a double carbonate (BaCOn, SrCOq) mixture that

has been manufactured by the J. R. Baker Chemical Co., Phillipsburg,

NJ, but is no longer being made.
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and a 5 mmmajor diameter, was used as the keeper electrode. The axes

of the cathode, anode and keeper were all colinear. A swaged,

resistive heater covered with a tantalum foil radiation shield was

placed on the cathode at the location of the insert.

Two 35 A, 60 V DCpower supplies, connected in parallel so a 60 A

discharge current could be supplied, were used to bias the anode.

These high quality power supplies with SCRvoltage pre-regulation and

series-pass, transistorized current-regulated outputs were used

because they operate stably when they are driving a plasma discharge

(noisy) load. A 2 A, 160 V DCpower supply was used to bias the

keeper. Its 160 V output voltage was generally sufficient to initiate

the keeper discharge once the proper conditions of cathode temperature

and propellant flow had been established. A I0 A, 20 V AC supply was

used to power the cathode heater. All power supply biases were

established and potentials were measuredwith respect to cathode

potential. The cathode itself was allowed to float with respect to

earth ground so discharges to grounded surfaces within the vacuum

chamber would be eliminated.

Tests were conducted by first evacuating the vacuumchamber to

-3x10 "5 Torr. The cathode was heated with the resistive heater for 30

to 60 minutes before the 160 V startup voltage was applied to the

keeper. The keeper discharge was then started by briefly admitting

the xenon gas, used for all tests, through the cathode at a rate that

ranged as high as 12 sccmbut was generally -5 sccm. Once the

discharge had started the flow was reduced and the anode voltage was

increased until a discharge (anode) current of -5 A was established.

The keeper supply was then reduced to -0.5 A and the heater was turned

off. The discharge was allowed to stabilize for -i hr before tests
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were conducted. During typical tests, the bell Jar (ambient) pressure

was on the order of 10.3 Torr. This pressure is probably somewhat

higher than typical ion thruster discharge chamber pressures, but may

be close to values observed in the keeper discharge region of a

cathode that employs a baffle.

_agnetic Field Control

The magnetic environment near a hollow cathode might be expected

to influence its performance, so this environmental factor was

controlled during the conduct of the tests. If a magnetic field was

not applied, an ambient magnetic field of -0.4 gauss transverse to the

cathode centerline was present (transverse field case). This field

could be nulled out by positioning a magnet outside of the bell jar

(null field case). In addition, an axial magnetic field could be

applied using the 7.5 cm dla solenoid shown in Fig. 2. Two solenoidal

fields having the centerline flux density profiles shown in Fig. 3

were applied in this study. These profiles, which were measured using

a gaussmeter, are designated by the flux densities produced near the

cathode orifice (30 and 60 gauss cases). Cathode placement relative

to the peak flux density has been selected so it is similar to that

used in typical thruster applications. Unless noted otherwise, tests

were conducted in the natural, transverse field environment. Tests

conducted in other magnetic field environments were used to determine

the extent to which these fields affected the operation of the hollow

cathode and the downstream plasma it produced.
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Typical Operating Procedure

Tests were generally conducted by increasing the discharge

current from 5 to 60 A in 5 A increments. At each current level,

measurements of cathode internal pressure, cathode temperature and

anode and keeper voltages were made. Subsequently, measurements of

plasma properties, high energy ion and electron characteristics and/or

erosion rates in the plasma downstream of the cathode were made.

The pressure within the cathode was measured using a capacitance

gauge, accurate to within ± i Torr. Because pressure measurements

were made in the plenum chamber upstream of the cathode tube, as

suggested in Fig. 2, and because the flowrates involved were low

(< 7 x 10 .7 kg/s), it is argued that these measured pressures were

close to the stagnation pressures in the active region of the cathode

just upstream of the orifice. Cathode wall temperatures were measured

by viewing the surface of the weld between the orifice plate and

cathode tube using a mlcro-optical pyrometer located outside of the

glass bell jar. Measurements were corrected for surface emissivity

errors and absorption losses through the glass using a calibration

curve developed for this facility by Siegfried [15]. This was

accomplished by making simultaneous temperature measurements on a

heated tantalum surface using a thermocouple and the optical

pyrometer. After the calibration had been completed, significant

coating of the bell jar could have changed the calibration curve. No

evidence of such a coating has been detected and it is believed the

initial calibration has remained valid and temperatures are accurate

to about ±20 °C.
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Plasma l*ropertyMeasurements

The Langmuir probe shown downstream of the orifice plate in

Fig. 2 was used to collect plasma property data in this region. The

probe was constructed using a 0.25 mm dia tantalum conductor with one

end melted to form the -0.8 mm dia spherical surface on which current

was collected. The conductor was insulated with a quartz tube which

had a 2.2 mm outside dia and was reduced in size near the spherical

collector to minimize the extent to which the insulator masked the

collection surface. The probe could be swept both radially and

axially throughout the region downstream of the cathode. Typically,

however, it was positioned no closer than about 4 mm from the orifice

to keep it from perturbing the orifice flow pattern and altering the

cathode operating conditions. Keeping it at least 4 mm from the

orifice also prevented probe failure due to overheating. A tungsten

probe, biased even a few volts above cathode potential will melt if it

is too close to the orifice, because of the very hostile environment

(plasma densities above 1014 cm "3) that can exist there. The probe

was biased using a simple battery-driven circuit [16] and the

resulting current/voltage traces were recorded on an X-Y plotter.

Langmuir probes are usually biased over the potential range from

below floating potential to beyond plasma potential in collecting a

trace. However, Langmulr probes located in the high plasma density

environment near the cathode orifice tended to melt at the higher

potentials when this was done. To prevent this, they were biased from

a potential in the region of ion saturation to one -3 V beyond

floating potential and the resulting probe current vs. voltage trace

was then analyzed using the same procedure applied by Siegfried [4].

Electron temperature is determined in the conventional way using this
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procedure, but plasma density is determined from the ion saturation

current rather than the electron saturation current and plasma

potential is estimated from the floating potential and the electron

temperature measurements.

Measurement of the Spatial Distribution of High Energy Electrons

The Langmuir probe was also used to determine the spatial

variation in high energy electron random current density in the region

downstream of the hollow cathode. This was accomplished in several

steps by recording the current to a probe held at a prescribed

potential as a function of radial and axial position. Two sets of

data, one with the probe biased at cathode potential an_ one with it

biased 8 volts below cathode potential, were collected. By taking the

difference in the two currents, measured at each location, data arrays

describing the random current density of electrons with kinetic

energies between the value associated with electron deceleration from

plasma potential and the one 8 eV greater than this value were

computed. For example, these arrays would have described the random

current density of electrons with kinetic energies between 15 and 23

eV if the measurements were made in a plasma at a potential of 15 V.

It is noted that this method yields valid results, only when the ion

currents to the probe at a given location are the same at both probe

potentials. Since the probe is biased significantly below plasma

potential for both sweeps, it should draw the same ion current in both

cases and this condition should be met.
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Heasure_ent of the 611aracteristics of loms

A retarding potential analyzer (RPA) [17], positioned on the

cathode centerline downstream of the hollow cathode as suggested in

Fig. 2, was used to measure the distribution function of ions coming

from the vicinity of the cathode. The design details of this probe,

which was generally positioned 8.9 cm from the cathode, are shown in

Fig. 4. Because this probe must operate in a relatively high plasma

density environment, special attention had to be paid to shielding the

ion collector from plasma electrons. This was accomplished by

carefully sealing joints in the probe and by erecting barriers to keep

electrons from reaching the collector. The first barrier to electron

leakage into the probe is the outer body (0.25 mm thick stainless

steel) and screen i which is connected to it. The second barrier is

the inner body and the two screens connected to it (screens 2 and 3).

These body/screen pairs are isolated from each other using Kapton film

and from the collector, which is mounted on an Iso-mica plate, so they

can be biased relative to each other. Connections to the collector

and the inner body are made using, respectively, the center and outer

conductors of a coaxial cable. Careful attention was paid to obtain a

tight fit at the point of cable entry into the device so plasma

contact with either point of cable connection or with the collector

would be prevented. The electromesh nickel screens used to cover the

orifices in front of the collector have an 859 optical open area and

square openings 0.24 mm on a side. Visual examination of the screens

showed that they are not aligned and as a result, some ions impinge on

each screen. They are held planar on 0.25 mm thick stainless steel

support plates so uniform, axial electric fields can be maintained

throughout the probe aperture region.
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The voltages applied to the outer body, inner body and the

collector were measured and designated respectively VOB, VlB and V C-

The current to the collector (Jc); which is equal to the product of

the ion current density (jC), the probe aperture area (_[0.07] 2 cm _)

and the effective transparency of the three screen assembly (-0.853);

was also recorded. Experiments were usually conducted with the outer

body held at cathode potential (0 V), screens 2 and 3 biased

sufficiently negative to repel all electrons (about 32 V below cathode

potential). The collector potential (VC) was varied from cathode

potential to a few tens of volts above it and collector current (Jc)

was recorded as a function of this voltage on an X-Y plotter. A

stainless steel shield -13 mm in diameter was placed directly in

front of the RPA and kept there until a trace was to be taken. When a

trace was taken, the shield was removed only for the time needed to

collect the data. This procedure was necessary to limit accumulation

of an unknown contaminant that was observed on the collector plate

after prolonged exposure to the cathode plasma.

Figure 5 is a typical plot of ion current density (jc) versus ion

collector potential. This particular example was measured with the

probe aperture sighted on a cathode operating at a 40 A discharge

current and a xenon flowrate of 280 mA eq. Since all voltages are

measured relative to hollow cathode potential, zero collector

potential on this plot corresponds to cathode potential. The

structure of the trace in Fig. 5 reveals the characteristics of two

groups of ions within the plasma at the probe (a lower energy

[ambient] group and a higher energy [jet] group). The contributions

of each of these groups to the RPA trace are identified on the figure.

The ambient ions are all repelled at a collector bias of
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-i0 V while -60 V is required to repel all of the jet ions. The high

energy jet ions are of particular interest because they could induce

substantial sputtering damage in thrusters. The current density of

these ions for the _case of Fig. 5 is seen to be 0.22 mA/cm 2 compared

to 0.14 mA/cm 2 for the ambient ions.

Once the RPA data were recorded, they were digitized, fitted

using a Fourier series and differentiated numerically using a

procedure developed by Anderson [18]. The result of doing this with

the data of Fig. 5 is shown in Fig. 6a. The distribution function

describing a particular group of ions can be determined from data like

those in Fig. 6a by applying the equation:

m i i dJc (I)
g(_) - "$2 e _ e d_ '

where g(_) is the ion energy distribution function, m i is the ion

mass, e is the electronic charge, _is ion kinetic energy and JC is

ion current density to the collector. Details of the development of

Eq. I which is based on the assumption that only singly-charged i0ns 2

comprise the beam are contained in Appendix A.

In order to determine the energy distribution of particles within

the plasma at the probe aperture, the potential of this plasma VpL

must be known so the kinetic energy of the particles incident on the

2Multiply charged ions produced in a region of high potential

would be stopped at the same potential as singly charged ones, so

their presence would not affect the values of potentials inferred from

RPA measurements. Any multiply charged ions produced would, however,

approach a cathode potential surface at substantially higher energies

and momenta than singly charged ones.
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probe can be determined. Once the plasma potential is known, particle

kinetic energy (i.e. the retarding potential required to stop the

particles) is given by

- VC- VpL. (2)

The plasma potential at the RPA, which is needed in Eq. 2, can be

determined from Langmuir probe measurements, but it can also be

estimated from the differentiated RPA probe trace. In this latter

case, it is assumed that the majority of the ambient ions have

energies centered around the potential of the plasma in the immediate

vicinity of the probe. This implies a plasma potential (identified in

Fig. 6a) located at the collector potential where the derivative

associated with the ambient (lower energy) group is a maximum. The

9 V value associated with the data of Fig. 6a is close to the

discharge voltage (13 V -- the estimated maximum potential of the

plasma at the probing location). Ion kinetic energies calculated

using these two values differ by -6% at a collector potential of 40 V

and the magnitude of this difference decreases as ions associated with

higher collector potentials (higher kinetic energies) are considered.

When this 9 V potential is used in Eq. 2 to compute ion energies and

they are then used in Eq. I to compute the ion energy distribution

function for the Fig. 6a results, the results shown in Fig. 6b are

obtained. Regarding this curve it is noted that the ambient ion

contribution (near zero potential) is large because its determination

requires division by an energy that approaches zero at plasma

potential. It is, however, the jet ions that are of principal
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interest in this study, and their distribution function is well

behaved.

The jet ion energy distribution curve shown in Fig. 6b, which is

typical of those observed in the study, has a shape that approaches a

gaussian one. In order to simplify data presentation, the jet ion

distribution curves will be characterized by a mean ion energy (<E>)

and an ion energy spread (es). Numerical values for these parameters,

defined on Fig. 6b for the case being considered, are computed using

the following equations:

e g(e) de

<e> - eMIN (3)

g(e) de

eMIN

and

es - 2 / <e2> - <e> 2 (4)

where

e 2 g(e) de

<e2> - eMIN (5)

g(e) de

eMIN

and eMl N is the minimum energy associated with the jet ions. For the

example shown in Fig. 6b, eMl N was taken to be -6 eV.
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The energy spread parameter _s represents the energy band

centered at the meanenergy <_> that would include 69%of the jet ions

incident on the collector surface if the ions had a gausslan

distribution. Although the jet ions are not distributed in a true

gaussian fashion, this interpretation is approximately correct.

Erosion Testing

Tests were performed to determine the erosion rate of materials

located downstream of a hollo_ cathode. The tests involved the

erosion of small copper targets at various axial distances from a

hollow cathode operating a discharge current (JD) of 60 A and a xenon

flowrate (ms) of 280 mA eq. Three copper targets were used in these

tests and they were prepared by polishing and then masking them with a

0.25 mm thick piece of tantalum that had a 1.7 mm dia aperture in it.

The masked samples were exposed one at a time at different locations

along the cathode centerline for prescribed times and then removed.

The erosion rate was determined by dividing the depth of the eroded

crater, measured using a surface profilometer, by the associated

exposure time.



III, RESULTS

In order for the experiments being performed in this study to

have application to thruster cathodes, it is important that they

induce erosion rates similar to those observed in thruster and cathode

life tests. Evidence of these high erosion rates was sought by

placing a copper surface on the centerline downstream of a cathode

operating at a 60 A discharge current. Three separate tests were

conducted using targets at different axial locations and they yielded

the erosion rate data shown in Fig. 7. The error bar on each data

point defines the uncertainty in the rate associated with the

variability in the erosion depth measured across the crater produced

during exposure to the cathode plasma. The data of Fig. 7 show a I/Z 2

variation with axial position (Z). This spatial variation suggests

the craters were sputter-eroded by a diverging beam of high energy

ions that came from a point source near the cathode orifice. Further,

the copper targets remained relatively cool during exposure and the

craters that were produced had the appearance of sputter-eroded

surfaces rather than ones that had been produced by some melting

process (i.e. the craters exhibited steep boundaries at the edges of

the mask).

Additional support for the theory that high energy ions coming

from a source near the cathode orifice sputter erode downstream

structure comes from a life test conducted on a 30 cm thruster [19].

In this i0,000 hr test, the severely eroded baffle developed a "spoke-

like" pattern and each of the four protruding spokes were located such

26
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that the four baffle support legs would have shielded them from a

source of high energy ions emanating from a point near the cathode

orifice.

If sputtering is presumed to be the erosion mechanism in the

present tests, the data of Fig. 7 can be used to infer the erosion

rates of other materials (by multiplying by the ratio of the

sputtering yield of the material of interest to that of copper and

applying the I/Z _ decay to account for variations in position).

Recall that Rawlin [9] observed a sputter rate of 0.9 _m/hr on the

tantalum baffle 5 cm downstream of a xenon hollow cathode operating at

a 35 A discharge current in an ion thruster. On the basis of the data

in Fig. 7 one would predict a rate of -2 _m/hr (this assumes i00 eV

ions to calculate the ratio of tantalum to copper sputter yields)

under the conditions associated with the Rawlin test. While the rate

associated with the Fig. 7 data is greater than the value measured by

Rawlin, probably because it is based on a cathode operating at a

higher current, the two rates are comparable. Thus, it is argued that

the same phenomena that induce baffle erosion in thrusters operating

at high discharge current levels are active in the experimental

apparatus being used in this study.

Basic Energy Conslderations

In discharges of the type under consideration here, ions are

generally produced by high energy electrons that are drawn from the

cathode and bombard atoms. The resulting ions typically have low

kinetic energies at the potential of the plasma in which they are

produced. They acquire a kinetic energy equal to the plasma-to-

cathode potential difference, however, as they fall through a sheath
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and strike cathode potential surfaces like thruster baffles or the

copper erosion surfaces associated with the tests of Fig. 7. Because

bulk plasma-to-cathode potential differences are typically too low to

accelerate ions to the energies required for substantial sputtering,

the experimental data pose a dilemma. Collett et al. [19] pointed

this out in discussing the 30 cm dia. thruster baffle erosion results.

They observed that, "The generally accepted model of the discharge

chamberplasma potential distribution would place the plasma potential

within the cathode pole piece at approximately the keeper voltage.

Thus, no doubly charged ions should be formed in the region and singly

charged ions should not be capable of causing damage."

Typical discharge (anode) and keeper voltages (VD and VK

respectively) measuredusing the 0.99 mmorifice diameter (do) cathode

operating over a range of discharge currents (JD) from 5 to 60 A and

propellant supply rates (ms) from 180 to 460 mAeq are shown in Fig.

8. These voltages are modest (less than 15 V [discharge] and i0 V

[keeper]) and relatively constant over these ranges of current and

flowrate. The results of Fig. 9 show that changes in orifice, orifice

plate and cathode tube diameters do not affect these voltages

significantly. While the data in these figures do suggest that the

discharge and keeper voltages (and therefore the bulk plasma

potential) do increase slightly with discharge current, particularly

at the lowest flowrate, the important point to notice is that the

voltage magnitudes are low. Ions accelerated into a cathode potential

surface from a bulk plasma at the most positive of these potentials

would have energies below typical sputter yield threshold energies
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[20]. Hence the data of Figs. 8 and 9 suggest that ambient ions

produced in the bulk plasma downstreamof the cathode are not inducing

the sputtering that is observed.

It is noted that higher energy ions could be created if the

plasma potential were fluctuating. In this case, ions created when

the potential was a maximumwould strike a cathode potential surface

with the maximumplasma-to-cathode potential difference. In order to

investigate this possibility, anode voltage fluctuations, which should

couple to those of the plasma, were measured using an oscilloscope.

The peak-to-peak anode voltage variation was found to be i V at 60 A

and 5 V at 5 A discharge current, and these variations added to the

steady voltage levels are still insufficient to induce the observed

sputtering.

Visual and Random Electron Current Density Observations

Figure I0 is a photograph of a hollow cathode operating at 60 A

discharge current in a nulled magnetic field environment. The

particular cathode in this photograph was the one with the 0.99 mm

orifice diameter, but cathodes with different orifice diameters

operating at this same current looked the same. The intense, luminous

jet emanating from the cathode can be seen because photons, resulting

presumably _rom atomic and possibly ionic de-excitation reactions, are

produced within the region occupied by the jet. Because the jet is so

well confined, it seems obvious that the excitation reactions that

precede these de-excitation events must be induced by a well-

collimated jet of high energy electrons coming from the cathode. At

this point, it should be noted that these jet electrons may or may not

be be tied to or located near the jet ions suggested previously. The
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atoms being excited by the jet electrons could be either the ambient

ones or those being supplied through the cathode orifice. Those

flowing through the orifice would be expected to expand in a spherical

segment extending from the orifice and exhibit a 1/Z = density decay

within this segment.

When an axial magnetic field was applied to the hollow cathode,

it looked the same as the one shown operating with a nulled magnetic

field in Fig. i0. With the "60 gauss" axial field (see Fig. 3)

applied to a cathode operating at a 60 A discharge current, the random

current densities of high energy electrons (those with energies

between 12 and 20 eV) were measured. A plot of constant current

density contours measured at this operating condition is shown as Fig.

II. This figure shows that the high energy electron current density

is highest near the cathode, that these current densities drop off

axially and that the shape of the constant current density contours is

similar to that of the visible Jet.

When only the natural, transverse 0.4 gauss magnetic field was

present rather than the axial or null fields that yielded jets like

the one shown in Fig. i0, the luminous jet was observed to curve

upward until it contacted the anode in the manner shown in Fig. 12a.

High energy electron current densities were measured in a plane that

passed through the centerline and was perpendicular to the plane of

Fig. 12a and the constant current density plot of Fig. 12b was

obtained. Comparison of the data of Figs. Ii and 12b confirms the

fact, suggested by the photographs (Figs. i0 and 12a), that the

transverse magnetic field causes the high energy electrons to curve

upward because of the v x B force it imposes on them. The cyclotron

radius associated with this motion (determined from Fig. 12a) can be
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used with the magnitude of the transverse magnetic field to estimate

the energy of the jet electrons. The resulting energy (-I0 eV) is in

good agreement with both the magnitude of the discharge voltage, which

would be expected to determine the electron energy, and the Langmuir

probe bias potentials used to obtain the high energy electron current

density plots (Figs. Ii and 12b).

The current density of the high energy electrons varies as the

discharge current is changed. The extent of this change can be seen

in Fig. 13 where constant current density plots pertaining to 20 and

60 A discharge currents are compared for the case where the 60 gauss

axial magnetic field was being applied. These data show the current

density levels are higher for the 60 A case, as expected. In

addition, they suggest a more constricted jet extending further

downstream at the higher discharge current. This observation is

consistent with visual observations of the luminous jet extending only

-20 mm downstream at a 20 A discharge current, while it extended about

an order of magnitude further when it was operating at a 60 A

discharge current. It is noted that both sets of data in Fig. 13 were

obtained at a 370 mA eq. flowrate but, over the range investigated,

flowrate affected neither the current density profiles nor the

physical appearance of the jets significantly.

Downstream Plasma Properties

Plasma property profiles measured downstream of the hollow

cathode with the 0.99 mm dia. orifice operating at a flowrate of 370

mA eq. and discharge currents of 20, 40 and 60 A are shown in Fig. 14.

These profiles are typical; similar profiles were observed at other

flowrates and with other cathodes. They show that discharge plasma
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potentials are relatively uniform and that they are only a few volts

positive of the discharge (anode) voltages. As suggested previously,

these potentials are generally insufficient to accelerate ambient ions

into surfaces at the kinetic energies needed to induce substantial

sputter erosion.

Two trends reflected in these plots are noteworthy and will be

used later to support a model that describes the characteristics of

high current hollow cathodes. First, there is a trend for the general

level of the plasma potentials to increase with increases in discharge

current faster than the discharge voltage does. Second, there is a

tendency for the plasma potentials to rise in the region close to the

cathode (i.e. as Z_0) that becomes greater as the discharge current is

increased. In order to investigate the peak potentials achieved close

to the cathode, it would be desirable to probe closer to the cathode

orifice plate plane. Unfortunately, this could not be done because

close probing perturbed the cathode operating conditions and

frequently resulted in probe destruction in the hostile plasma

environment there.

Langmuir probe measurements revealed a plasma that is nearly

Maxwellian and has temperature profiles shown in Fig. 14b to be

axially uniform that rise to higher values as discharge current is

increased. Evidence that the plasma environment near the cathode

orifice becomes increasingly hostile as the discharge current is

increased is given in Fig. 14c. This plot shows that the electrons

are at density levels that approach 1014 cm "3 under the test

conditions. As with the plasma potential data, the data of Fig. 14b

and c are typical. Increases in propellant flowrate and changes to
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other cathode configurations did not change the magnitudes or trends

indicated in this figure significantly.

Direct Measurements of Ion Energy Characteristics

In order to determine if high energy ions that could induce

observed sputter erosion rates were present, the energy distribution

of ions in the plasma were measured using the retarding potential

analyzer (RPA). Figure 15 presents typical RPA traces measured at

discharge currents ranging from 10 to 60 A when the analyzer was

located at a distance (2RPA) 8.9 cm downstream of the cathode orifice

on the cathode centerline and sighted on the orifice. All of the RPA

traces shown in this figure suggest there are two groups of ions being

collected by the probe. The low energy (ambient) group would be

produced in a plasma having a potential about equal to that at the RPA

but the high energy (jet) group would have to be produced at some

location where the plasma potential is considerably greater. The Jet

ion contribution to total ion current density is seen to vary from a

small fraction at the lowest discharge current (JD" i0 A) to the

dominant fraction at JD- 60 A. These plots also show that the maximum

energy of the jet ions increases with discharge current (note the

scales change on both axes). For example, a 20 V collector potential

is sufficient to repel essentially all jet ions at a i0 A discharge

current while over I00 V is required to repel them at JD" 60 A. These

results are important because they provide evidence that ions with

energies sufficient to induce sputtering are produced in a cathode

discharge and that the energies and current densities associated with
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these high energy, Jet ions increase with discharge current. These

results are, therefore, consistent with the erosion trends observed by

Rawlin [9] and by Brophy and Garner [13].

Evidence that the jet ions come from the immediate vicinity of

the cathode orifice is shown in Figs. 16 and 17. Figure 16 presents

results of a simple experiment in which the energy characteristics of

the ions in the plasma downstream of a cathode operating at a 45 A

discharge current were first measured in the conventional way

(Fig. 16a). Then the 1.3 cm diameter stainless steel shield was

positioned about 2.5 cm from the cathode so it would intercept ions

passing in a straight line from the cathode orifice to the probe and

the measurement was repeated (Fig. 165). Comparison of Figs. 16a and

b demonstrates very clearly that the shield stopped the Jet ions from

entering the probe but did not affect the ambient ions. This result

shows that the jet ions are produced within 2.5 cm of the cathode

orifice.

The data of Fig. 17 illustrate the changes in data measured by

the RPA when it was moved from a position 7 cm downstream of a cathode

operating at a 40 A discharge current to one i0 cm from it. Accepting

the previously postulated I/Z = decay in ion current density, the ratio

of the jet ion current densities (designated jj) at these two

locations (0.35/0.15 mA/cm = - 2.3) suggests the source of the ions

lies within about I cm of the cathode orifice (because [10-1]=/[7-1] =

- 2.3). Since the sputtering rate of a surface is directly

proportional to the current density of the sputtering ions incident on

it, this result is also consistent with the I/Z _ dependence of

sputtering rate observed previously in the data of Fig. 7. The data

of Fig. 17 also indicate that while the current densities sensed by
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the probe vary as a function of its axial position, the relative

energy distribution of these ions does not.

The effects of discharge current, propellant flowrate and cathode

geometrical factors on the energy characteristics of jet ions produced

near a hollow cathode can be presented more concisely in terms the

mean energy (<_>) and energy spread (_s) parameters defined in the

Procedure Section of this thesis. When the mean energy and energy

spread of the ions are plotted as functions of discharge current and

flowrate, results like those shown in Fig. 18 are obtained. They show

that increases in discharge current and decreases in flowrate cause

both the mean energy and energy spread of the jet ions to increase.

In Fig. 19, the effect of flowrate on jet ion current density is shown

to be small, but an increase in discharge current is shown to cause

this current density to increase dramatically above a threshold level

that appears to be between I0 and 20 A.

The effect of flowrate on the mean energy and energy spread of

the Jet ions is shown in Fig. 20 for three different orifice

diameters. The effect of flowrate on both parameters is similar,

namely the lower the flowrate through the cathode, the higher the mean

jet ion energy and the greater the energy spread. Increases in

flowrate appear to cause both parameters to decrease to values that

are determined by the orifice diameter. If one assumes that high

energy ions are being produced just downstream of the cathode orifice,

then it would be reasonable to assume further that these ions leave

the region of creation in all directions. If this is the case, then

the data of Fig. 20 would also suggest that cathode and keeper erosion
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should increase as cathode flowrate is reduced below a threshold

value. Kaufman [21] has suggested that this trend is observed in a

substantial body of experimental data.

At a given discharge current, the jet ion current density was

observed to remain relatively constant over the ranges of flowrate and

orifice diameter indicated in Fig. 20. It is also noteworthy that

increasing the cathode tube diameter from 6.4 mmto 12.8 mm(the

do - 1.27 mmdata) does not appear to affect the energy

characteristics of the Jet ions.

Taken together, the results of Figs. 15 through 20 show that high

energy (Jet) ions are produced in hollow cathode discharges, that the

energies of these ions, which are assumedsingly charged, are

sufficient to induce sputter erosion at an appreciable rate and that

both the current densities and energies of these ions increase

dramatically with discharge current. The energy characteristics of

the jet ions are dependent on the flowrate and orifice diameter. In

these tests, the jet ion measurementswere madeonly on the cathode

centerline so the extent to which these ions diverge is not certain.

On the basis of erosion patterns observed by other researchers

conducting life tests [12,19], however, it is argued that the jet of

ions is, in contrast to the well-collimated electron jet, very

divergent (expansion through 2_ steradians is, in fact, considered

likely).

In another series of tests, the keeper was modified so it could

be movedaxially while the cathode was being operated. These tests

showed that axial movementof the keeper did not affect the energy

distribution of the Jet ions, but it did affect their current

densities on centerline. This latter effect is illustrated by the

-m
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data of Fig. 21 which show that progressively higher current densities

were measured on the cathode centerline as the keeper was moved

further from the cathode and that they were a maximum when the keeper

was removed. These data are interesting because they suggest that jet

ion current densities can be influenced by the keeper. This in turn

suggests that it might be possible to limit sputter erosion effects by

positioning and operating it properly. It could be, however, that

changing the keeper position simply causes a fraction of the ions that

were being focused along the centerline to be redirected along other

paths.

Effect of the Cathode Insert

The cathodes used in the experiments described thus far contained

rolled tantalum foil inserts. Typical ion thruster hollow cathodes,

on the other hand, utilize impregnated, sintered tungsten inserts.

The effect of changing the insert on the experimental data was

investigated in a series of comparative tests conducted using the

hollow cathode with the 0.82 mm orifice diameter and radiation fin.

The effect of this change on discharge and keeper voltages measured as

a function of discharge current is shown in Fig. 22. These data

indicate the rolled foil insert may cause the discharge voltages to be

slightly lower but this change is probably within the range of scatter

associated with the exchange of inserts of like kind. Figure 23 shows

that the insert change did not induce any significant change in the

centerline plasma properties. Finally, the effects of changing the

insert on the characteristics of the jet ions are shown in Figs. 24

and 25. While these data do show differences in the results obtained

with the two inserts, they are generally small and they are also
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considered to be within the limits of experimental error. If there is

a trend, it is for the jet ion energies and current densities to be

slightly lower when the impregnated insert is used.

Effects of the Ambient Magnetic Field

The data concerned with the characteristics of the jet ions

presented to this point in the thesis were all collected in the

natural 0.4 gauss transverse magnetic field environment because it was

experimentally convenient. Because the hollo_ cathode is in an axial

magnetic field environment in a typical ion thruster, however, it is

important to demonstrate the effect of an axial field on the

experimental results. The tests designed to investigate this effect

were conducted on the cathode with 0.82 mm diameter orifice operating

with an impregnated, sintered tungsten insert. They involved changing

from the 0.4 gauss transverse to the 30 and 60 gauss axial magnetic

field environments (see Fig. 3) and measuring the resulting changes in

operating, ambient plasma and jet ion conditions. Since both magnetic

field and discharge current could be changed and data could be

collected rapidly, the comparative validity of the data is high.

Keeper and discharge voltage were observed to remain essentially

unchanged when the ambient magnetic field environment was altered. On

the other hand, the centerline plasma density (bottom plot of Fig. 26)

typically increased with the axial magnetic field strength, while the

electron temperature (middle plot of Fig. 26) and plasma potential

(upper plot of Fig. 26) remained unchanged.

Changes in the ambient magnetic field induced negligible changes

in the various parameters that characterize the jet ions. This

observation is demonstrated by the close proximity of the data points
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associated with each discharge current in Figs. 27 and 28. The fact

that the jet ion current density is not affected by changing the

magnetic environment from a 0.4 gauss transverse to 30 and 60 gauss

axial is initially quite surprising in view of the fact that such

changes cause the high current density electron Jet (as detected from

luminosity and Langmuir probe measurements) to change from one of

upward curvature to one coincident with the centerline (compare

Figs. i0 and 12a). Taken together these observations lead one to

conclude that there are two jets; one that is luminous and well- •

collimated contains the high energy electrons and the other that is

neither luminous nor well-colllmated contains the high energy ions.

When the null or axial fields are applied, both have a common

centerline. When the 0.4 gauss transverse magnetic field is applied,

the luminous electron jet curves but the divergent trajectories of the

more massive ions are not affected significantly.

Figure 29 shows that increases in the axial magnetic flux density

cause the ratio of jet-to-total ion current density to decrease.

Since the jet ion current density does not change (Fig. 28), this

implies the ambient ion current density increases with magnetic flux

density. This result is consistent with the idea that the 0.4 gauss

transverse field causes the luminous electron jet (in which the

ambient plasma density is higher) to curve while the ion jet remains

essentially unchanged. It is noted that application of the axial

magnetic field caused the collimated electron jet to be focused onto

the RPA aperture and this in turn caused it to indicate inaccurate ion

collection currents. This occurred because excessive numbers of jet

electrons began to penetrate the Faraday screens on the RPA, to reach
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the collector and to thereby introduce errors. In order to prevent

this problem, the RPA had to be positioned off-centerline so the

luminous jet would strike it at least a few millimeters from the

aperture when the cathode was being operated at high discharge

currents.

Plasma Noise Considerations

Data presented in preceedlng sections show that high energy ions

are present in the plasma downstream of the cathode and it has been

suggested that they could be produced in a region of high positive

potential located near the cathode orifice. This could be either a

region of steady, high positive potential, or one in which the

potential oscillates periodically to high values. If the mechanism of

production involved potential oscillation and the amplitudes of the

oscillations close to the cathode were sufficient to produce ions with

the high energies that have been observed, then it is considered

likely that significant noise would be observed in the ambient plasma

downstream of the cathode. The plasma noise was measured using a

Langmuir probe biased near plasma potential and located a few

centimeters from the cathode orifice. The ratio of the rms probe

current fluctuation to the mean probe current was measured using an

oscilloscope (0 - 5 MHz bandwidth) and was found typically to be less

than 10%. Probe current fluctuation ratios of this magnitude observed

by other researchers near a region of potential variation in a plasma

have been related to the occurrence of the ion-acoustic instability

[22] and it may be this instability that is inducing the noise that is

measured. Since the ratio of the turbulent energy in the plasma to

its total internal energy is approximately equal to the square of the
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probe current fluctuation ratio (i.e. -1%), it is argued that the

plasma is relatively quiescent [23] (i.e. potential fluctuations with

amplitudes no more that a few volts are occurring). Because of this,

it is considered unlikely that a region exists in which plasma

potentials fluctuate with sufficient amplitude to induce the high

energies that have been observed in the jet ions.

Temperature Effects

As the discharge current being extracted from a hollow cathode is

increased the current of ions striking the cathode insert and orifice

plate surfaces also increases and as a result the input thermal powers

and temperatures associated with these surfaces increases. These

temperatures should be close to that at the interface between the

cathode tube and orifice plate (the cathode wall temperature). The

experimentally measured increases in cathode wall temperature with

discharge current for five different cathodes are shown in Fig. 30.

Changes in cathode flowrate induced no measurable changes in the

temperatures, so the each data point shown corresponds to the average

of temperatures measured at flowrates over a range from 180 to 550 mA

eq. In general the curves show the expected trends; they all tend to

level off at the higher discharge currents where radiative heat

transfer from the orifice plate becomes substantial. The two higher

curves suggest that an increase in orifice diameter may induce a

slight decrease in cathode wall temperature. The lower curve shows

the benefit of using a cathode with an oversized orifice plate and

larger cathode diameter from which heat can be radiated to reduce the

temperature. Also, in this same operating temperature range is the

cathode with the largest orifice diameter. Figure 31 shows the effect
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of orifice diameter on cathode wall temperature for two different

discharge currents. The data in the figure are for cathodes with a

common tube diameter (6.4 mm) and with no radiation fin. They clearly

show a linear decrease in cathode temperature with increases in

orifice diameter.

The magnitudes of the temperatures reached at discharge currents

above about I0 A in Fig. 30 are considered excessive because they

would induce rapid, low work-function material migration from the

insert [14]. This would be expected to result in turn, in relatively

rapid degradation of the insert and a short cathode lifetime. It is

noted, however, that these temperatures could be reduced by

redesigning the cathode to enhance radiative and conductive heat

transfer from the insert and orifice plate where most of the heat is

deposited. Accomplishing this is considered to be a straightforward

thermal design problem.

A test was conducted in which the insert was changed from the

rolled foll to the impregnated design to determine if this change

would influence the cathode temperature. As the data of Fig. 32

suggest, it did not. Similarly, changes in the ambient magnetic field

environment did not affect cathode temperatures significantly.

Flowrate/Pressure Correlation Study

A designer that can predict the pressure within a hollow cathode

will be able to ensure it is in a range where emission from a small

zone, attendant localized insert overheating and a shortened cathode

lifetime are unlikely. Typical cathode internal pressures measured as

function of discharge current and propellant supply rate (ms) area

shown in Fig. 33a for the cathode with the 0.74 mm dia orifice. As
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these data suggest, the pressure increases in approximately direct

proportion to both the discharge current and flowrate. The data in

this figure are striking because they suggest that pressures within

this particular cathode reach 50 Torr at high currents and flowrates

when values below 20 Torr are preferred. The calculated length of the

electron emission region at 50 Tort is only a few tenths of a

millimeter [6].

Siegfried [4] has pointed out that the stagnation pressure within

the cathode (Pst) should be related to the cathode flowrate and

orifice diameter by the equation:

Pst- =

d2 d2
o o

where _ is the total flowrate of propellant through the orifice d' O

is the orifice diameter, Tnl is the temperature of the neutral atoms

inside the cathode and C' and C are constants determined by the extent

to which the flow is free molecular or continuum. A test was

performed in which the cathode wall temperature of an operating hollow

cathode was increased by 300 °C using the cathode heater and no change

in cathode pressure was observed. Hence, it is argued that the

temperature appearing in Eq. 6 has a modest effect, that it can be

neglected in this analysis and that the approximate form of the

equation can be used.

If one treats the supply rate of propellant into the cathode (ms)

as the total flowrate of propellant through the orifice, Eq. 6

suggests the cathode interior pressure could be normalized to account

for the effects of flowrate and orifice diameter using the parameter
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d_/mS. Whenthis correlating parameter is applied to the data ofPst

Fig. 33a, the correlations shown in Fig. 33b are obtained. If this

were a good pressure/flowrate correlating parameter, all of the data

would be scattered about a commonline. Because they are not, it is

apparent that somecorrection, reflecting a physical effect that is

being neglected, is needed. The correction needed can be understood

if it is recognized that there is a flowrate associated with ions that

are drawn backward through the orifice by the electric field that

draws electrons forward through it. These backstreaming ions, which

flow into the cathode interior at a rate mi must eventually leave as

neutral atoms thereby contributing to the total flowrate through the

orifice. Considering this correction, the total flowrate through the

orifice becomes:

- ms + mi (7)

The rate of ion backstreaming into the cathode, can be related to the

total electron current flowing through the orifice (i.e. discharge

plus keeper currents or emission current [Je]) if it is assumedthat

the cathode is operating at the doubly space-charge limited condition

[24]. At this condition, the current of backstreaming ions (Ji) is

given by:

S eJi - Je m i
(s)

In this equation me and m i are the electron and propellant ion masses,

respectively. At each discharge current condition, the ion current
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given by Eq. 8 is multiplied by I000 so both the backstreaming ion

flow and the supply flowrate will be in the sameunits (mA eq.) and

they can be added to determine the total flowrate. Whenthis total

flowrate is used in place of the propellant supply rate to compute the

correlating parameter, the data plotted in Fig. 33c are obtained.

This plot shows reasonable scatter about a commonline and this

suggests that the dominant flowrate effects are now reflected properly

in the pressure normalizing parameter.

Whensimilar tests were conducted using cathodes having different

orifice diameters, the data shown in Fig. 34 were obtained. In this

figure each data point represents the average of pressure correlating

parameters measuredat the four flowrates indicated on the data in

Fig. 33. These data are also considered to show a reasonable scatter

about the mean line that has been drawn. This indicates that the

pressure parameter also reflects the effect of orifice diameter

properly. Additional tests were conducted at various ambient magnetic

field conditions and with different cathode inserts. These changes

did not influence the pressures or the pressure correlation results.
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IV, THEORY

A Model of High Energy Ion Creation

The data presented in this thesis have shown that ions with

energies sufficient to induce substantial sputtering are produced in a

hollow cathode discharge. A mechanism by which they could be produced

has, however, not been suggested. The jet ion current data of Fig. 18

and 19, high erosion rates of the copper targets, and the evidence of

rapid baffle erosion observed at high hollow cathode current levels

suggest the existence of a population of ions with energies and

current densities that increase with cathode current. It is not

obvious, however, how such ions could be created in plasma environment

where the maximum potentials measured in the plasma and on the anode

are about 15 V. It would be expected that singly charged ions created

in this environment would achieve a maximum kinetic energy of 15 eV as

they were accelerated to a cathode potential surface and that doubly

charged ones would reach 30 eV. Higher ion kinetic energies could

develop only if the ions were created at a location where the plasma

potential was substantially greater than the discharge voltage.

If a plasma potential profile like the one shown in Fig. 35

existed downstream of the cathode, it could explain the observed high

energy ions and high sputter erosion rates. The potential would rise

to maximum value near the cathode (the Langmuir probe data of Fig. 14a

indicate it would be within 4 mm of it) before it dropped to a

relatively constant downstream value. Langmuir has pointed out that

such a potential hill can develop when high energy electrons are
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injected into neutral gas [24] as they are at a hollow cathode

orifice. In fact Williams [25] has observed such a region of high

potential immediately downstream of a hollow cathode emitting

electrons in a hollow cathode plasma contactor experiment. The

potential hill observed by Williams was measured at a low emission

current (< i A) but the fact that it was observed at all demonstrates

that potentials above anode potential can and do develop immediately

downstream of a hollow cathode.

The physical mechanisms by which a region of high potential could

develop can be understood byconsidering a jet of electrons being

ejected out of a hollow cathode orifice through a plume of relatively

high density neutral gas also coming through the orifice. It is

postulated that electrons are accelerated to substantial kinetic

energies as they pass through a double sheath [24] located at the

downstream edge of the hollow cathode orifice. Evidence that such a

sheath develops across the cathode orifice has been obtained at low

discharge currents (< I0 A) where plasma property measurements could

be made both upstream and downstream of it [16]. These data revealed

that the substantial plasma potential, electron density and electron

temperature differences suggestive of a double sheath do develop

across the orifice.

Electrons accelerated through a double sheath could acquire the

kinetic energy needed to ionize some of the neutral gas they pass

through downstream of the double sheath. If one presumes the

electrons gain kinetic energies significantly in excess of the

ionization energy of the gas atoms, then the secondary and primary

electrons coming out of the ionization event would also tend to have

substantial kinetic energies. These electrons would therefore tend to
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escape from the region rapidly, leaving behind the less-mobile ions

that were a product of the ionization. The net result of this

sequence of events would be the accumulation of net positive charge

which would induce an increase in local plasma potential, i.e. in the

height of the potential hill shown in Fig. 35. This potential hill

would, in turn, provide the mechanismto accelerate electrons coming

from the cathode, thereby enhancing the ion production rate further.

It would also serve to accelerate ions both upstream and downstream of

the peak potential <to the high energies observed using the RPA) and

to decelerate electrons leaving the potential hill region. Both of

these latter effects would tend to limit the height of the potential

hill by limiting the net positive space charge there. The difference

between the maximumand downstreampotentials would determine the

kinetic energy of the jet ions measured using the RPA.

The mechanistic description Just outlined has also been proposed

by others to describe potential hills observed at cathode emission

spots [26], but it is not without flaws. For example, it does not

include detailed mechanismsthat would facilitate heating of the

secondary electrons resulting from ionization events. If these

electrons were not heated, they would becometrapped and would

neutralize the positive ion space charge that is an essential feature

of the model. It appears that the only way this could be accomplished

would be through elastic collisions between primary and secondary

electrons.

Orifice Pressure Drop Considerations

The gas dynamic parameter used to correlate cathode interior

pressure data in Figs. 33c and 34 appears to reflect the effects of
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orifice diameter and flowrate properly. This suggests that simple gas

dynamic phenomenadetermine the internal pressure at a given discharge

current. These data also show that changes in discharge current

induce changes in the internal pressure, and the mechanismby which

this occurs is uncertain. Since the RPAdata indicate high energy

ions flow away from the cathode it is suggested that they also flow

back toward it. As these ions flow through the orifice they could

collide with the neutrals flowing forward and thereby induce a drag

force. Such drag forces have been estimated by assuming the jet ions

backflow through the orifice at the space-charge-limited current

density level after having fallen from potentials associated with the

jet ion energies measured in these experiments. The order of the

forces computed in this way is sufficient to account for the observed

pressure increase with discharge current. However, there are many

other effects that could also contribute to or even dominate the

Theyobserved pressure increases which need to be investigated.

include:

gas dynamic losses related to heat addition,

orifice wall friction,

flow regime changes (e.g. from free molecular or

transitional flow to continuum flow) and

multiply charged ions (significant multlply-charged ion

production is expected from primary electrons accelerated

to the potentials associated with the energies of jet ions

measured in these experiments).



V, CONCLUSIONS

High erosion rates observed on structures located downstream of

hollow cathodes are caused by a divergent jet of high energy ions

through the mechanism of sputter-eroslon. The jet of ions originates

at a small region located Just downstream of the cathode orifice where

high positive potentials are produced as a result of positive space

charge accumulation induced by a high rate of ionization. This high

rate of ionization is in turn a consequence of the high concentrations

of neutral atoms and high energy electrons that are extracted through

the cathode orifice.

The mean energy and energy spread of the jet ions both increase

in approximately direct proportion to the electron discharge current

being supplied from the cathode. A decrease in the cathode orifice

diameter causes both of these energy parameters to increase.

Reductions in the flowrate of propellant through the cathode below

threshold levels associated with each cathode diameter also induces

increases in the energies of the jet ions. Dramatic increases in the

jet ion current density are induced by increases in discharge current

above the 10 to 20 A range. The current density of these ions

measured on centerline can be reduced by moving the keeper electrode

closer to the cathode, but such movement may simply be inducing an

azimuthal redistribution of the ions rather than any reduction in

their production rate.
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A well-colllmated Jet of high energy electrons also emanates from

a small region close to the cathode orifice. This electron jet

induces atomic excitation reactions that cause luminosity and make it

visible. The electron jet trajectory is readily altered by changing

the direction of a local magnetic field having a flux density that

less than one gauss, but such field changes do not appear to alter the

more divergent trajectories of the jet ions.

Most test results on which these conclusions are based were

obtained in a 0.4 gauss transverse magnetic field environment using a

hollow cathode equipped with a rolled tantalum foil insert. Changing

test conditions to the axial magnetic field environments and

impregnated inserts that are more typical of an ion thruster

application do not alter these conclusions.

The temperature of the cathode wall increases with discharge

current. Lower temperatures are best obtained by redesigning the

cathode assembly to facilitate increased radiative and/or conductive

heat transfer from it. The cathode wall temperature can also be

reduced by increasing the cathode orifice diameter, but it is not

affected significantly by altering the cathode flowrate.

Changes in the pressure measured within a hollow cathode that are

induced by changes in propellant flowrate and orifice diameter can be

described using traditional fluid mechanical models provided the

effect of ion backflow through the cathode orifice is reflected in the

flowrate.
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APPENDIX A

Analysis of Retardin E Potential Analyzer Data

The current density, J, of charged particles that reach a planar

surface with no retarding potential is given by

o0 co eo

j - e _ _ _ v d3n (AI)
0 -co -_c

where e is the electronic charge and v is the charged particle

velocity component normal to the probe. The velocity space

differential volume d3n is defined by

d3n - f(u,v,w) du dv dw ; (A2)

where f(u,v,w) is the velocity distribution function for the particles

and du, dv, and dw are differential velocities in the x, y and z

directions, respectively. If the ion velocity is one dimensional,

(the velocity in one direction is much greater than it is in the other

two directions) the velocity distribution function f(u, v, w) can be

written

f(u,v,w) - 6(u) f(v) 6(w) (A3)

where 6(u) and 6(w) describe particles that have zero velocity

components in the directions perpendicular to the probe and f(v)
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describes the velocity distribution normal to the probe surface. By

definition, the total particle density n t in physical space is given

by

nt-o/ f f d3n-f f I <u>f<v)s<w)dudwdv (A4a)

Integration of Eq. A4a over u and w yields the following equation

nt - of f(v) dv (A4b)

Substituting Eq. A3 into Eq. A2 and the putting this result into Eq.

AI yields

or

j - e f f f v 6(u) f(v) 6(w) du dw dv,
0 -_ -CO

j - e f v f(v) dv (A5)
0

Frequently it is preferable to express the distribution of

particles in terms of their energies _ (in eV) rather that their

velocities. The energy distribution function g(_) can be obtained by

recognizing the kinetic energy of a charged particle is equal to the

potential required to prevent it from reaching the probe. For the

case being considered here the ions have a one-dimensional velocity so

2
e¢ - 1/2 mv (A6)
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where _ is the kinetic energy of the particle in units of eV, m is the

particle mass and v is again the particle velocity. Solving Eq. A6

for v and then differentiating one obtains

edv- 2m _
d_ (A7)

Since by definition

dn - g(_) d_ - f(v) dv (A8)

one obtains

2mef(v) -- g(_) e (A9)

from Eqs. A7 and A8. Substituting Eqs. A6, A7, and A9 into Eq. A5 one

obtains

_/ 2 ej - e g(_) d_
0 m

(AIO)

The current density given by Eq. AIO is arriving at a surface with no

retarding potential applied to it. If the the planar surface had a

retarding potential 4 applied to it, then only those particles with

kinetic energy equal to or greater than 4 would reach it and the

current density to it would be given by
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(All)

Differentiating Eq. All with respect to _ yields

/.

dj /2 e E

7_" - -e m g(_) (AI2)

To get the energy distribution of the particles one must solve Eq. AI2

for g(_).

I

dj i / m

g(_) - " d_ e 7 2 e

If the probe current (J) is given rather than the current density,

then the energy distribution is given by

(AI3)

g(_) - " d_ e A 2 e (AI4)

where A is the probe area, _ is the kinetic energy of the particle, m

is the particle mass, and e is the electronic charge.

Equation AI4 is valid for analysis of particles with a one

dimensional velocity component normal to the probe surface. In

applying it in this study it has been assumed that only singly-charged

ions approach the probe. Also, the energy _ used in Eq. AI4 is the

kinetic energy the particles have at a reference potential (generally
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the potential of the plasma at the probe) and thus the energy

distribution given by it is that which would be measured in the plasma

immediately adjacent to the probe.
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